Objective: Serum calcium (Ca 2C ) and parathyroid hormone (PTH), amongst others, modify cortical excitability. Alterations in cortical excitability were shown in patients with epilepsy as well as hyper-or hypoparathyroidism. In patients with primary hyperparathyroidism (pHPT), preoperative elevated serum calcium and parathyroidectomy (PTx) may affect mood and quality of life. We hypothesized that perioperative changes in Ca 2C and PTH in pHPT will affect cortical excitability and improve subjective health. Design and methods: Transcranial magnetic stimulation (TMS) was performed before and after surgery in 15 pHPT patients. We measured resting motor threshold, cortical silent period (CSP), short intracortical inhibition, and intracortical facilitation. Health questionnaires were administered before, 1 day and 6 months after PTx, along with the disease-specific Pasieka's parathyroid assessment of symptoms (PAS), which was, to our knowledge, its first use in German.
Introduction
In humans, 99% of the mineral calcium is found in the bones and teeth. The remaining 1%, found in extracellular spaces, has a major influence on the nervous system, and as an intracellular transmitter can modulate ion channel functions throughout the body (1) . Calcium metabolism is mainly regulated by parathyroid hormone (PTH), where elevated serum calcium (Ca 2C ) levels result in decreased release of PTH and vice versa.
Intracellular calcium concentration plays a role in the induction and maintenance of acquired epilepsy in status epilepticus (SE), stroke, and traumatic brain injury (2, 3, 4) . These conditions may result in glutamate excitotoxicity and is accompanied by an intracellular increase in calcium concentration levels, resulting in overstimulation of calcium pathways and necrosis (2, 3, 5) . Surviving neurons that are exposed to these altered Ca 2C levels are prone to develop and maintain epileptogenicity (5, 6) . Correspondingly, voltage-gated calcium channels have been proposed as a target for antiepileptic drugs in preclinical studies (7) . Clinical evidence that altered Ca 2C levels result in changes in cortical excitability has been provided by different case series in hyperparathyroidism (HPT) (8, 9, 10) . Primary HPT (pHPT) consists of continually elevated serum calcium and PTH levels (11) , mostly due to a solitary parathyroid adenoma (1, 11, 12) . The only curative treatment for pHPT is the resection of the suspected solitary adenoma(s) or hyperplastic glands (parathyroidectomy (PTx)) to reestablish normocalcemia which may lead to improved quality of life (13, 14) . Several case reports show higher amplitudes in somatosensory-evoked potentials (8) , electro encephalography (EEG)-alterations, reversible vasoconstriction, and epileptic seizures (9, 15, 16) or even (nonconvulsive) SE (10) in patients with hypercalcemia. The primary influence of serum calcium, however, remained controversial in earlier papers (17, 18) . A recent study has delivered repetitive transcranial magnetic stimulation (TMS) and found that both acute and chronic hypercalcemia, as tested respectively in pHPT patients and healthy controls by administering infusions of calcium, modified shortterm synaptic plasticity (19) .
On the other hand, cases of epileptic seizures in hypocalcemia have also been reported (20, 21, 22, 23, 24) and in one neonatal patient seizures were treated by i.v. calcium administration (25) .
Cortical excitability can be accurately measured by TMS. Currently, to our knowledge, only one study has investigated the cortical excitability related to changes in PTx-associated calcium in a predominately conservatively treated group of patients with pHPT (19) .
Some studies showed that a successful PTx can have positive effects on different domains of quality of life such as increased energy levels and improved physical as well as emotional well-being (26, 27, 28) . However, other studies found no evidence of a positive change in depression scales when comparing PTx patients with patients who underwent orthopedic surgery (29) . Concerning asymptomatic pHPT patients, some randomized control studies found moderate positive effects of operation vs medical care on quality of life (30, 31) while others did not (32) .
As the role of calcium in cortical excitability is yet to be clarified in humans, pHPT-patients who underwent surgery served as a model for rapid changes in serum calcium in this pilot study. When we investigated the patients, most of them were symptomatic before and after PTx with TMS and administered several mood and quality of life questionnaires up to 6-months' follow-up to identify perioperative changes. Additionally, to our knowledge, this was the first time that a German version of Pasieka's parathyroid assessment of symptoms (PAS) score was administered.
As calcium seems to influence cortical excitability in several ways, we hypothesized that based on the expected transition from hyper-to normocalcemia, postoperative cortical excitability, as measured by TMS, would significantly decrease compared with preoperative measurements. Furthermore, postoperative normocalcemia should lead to an improved quality of life and mood.
Subjects and methods

Patients
Twenty right-handed patients (nine males and 11 females) diagnosed with pHPT and scheduled for PTx at the Department of Surgery of the University Hospital Marburg were recruited. They had no history of acute or chronic neurological or psychiatric disease and were not taking medication for CNS indications.
Two female patients withdrew from the study due to TMS intolerance and three patients were excluded because of lack of EMG response, sulcus ulnaris syndrome diagnosis, or postponed parathyroid surgery.
TMS data from the remaining 15 patients (seven males and eight females, median age 55.0 years, range 22-73 years) were obtained before and after PTx. Gender (early: 5F, 6M vs late: 3F, 2M, PZ0.742) and age (early: 55.0 (44.0-69.0) vs 59.0 (47.5-70.0), PZ0.462) were equally distributed in the early and late groups. Twelve patients presented with typical symptoms and three were asymptomatic (see Table 1 ). For the asymptomatic group, the NIH criteria for operation in asymptomatic pHPT patients were met (33) .
TMS measurements after the operation were undertaken more than 30 h after PTx to adjust to the half time of the typically used narcotics and to eliminate possible effects of anesthesia. Those who were only found to be dosage dependent, as far as we know, were only studied during intraoperative monitoring and not after anesthesia (34) .
The study was approved by the Local Ethics Committee of Philipps University of Marburg and written informed consent was obtained from all patients before participation.
Transcranial magnetic stimulation
TMS was administered on the day before surgery (K1G0 days) as well as after a median of 3 days (1 day, 25th quartile-142 days, 75th quartile) for all subjects. Subjects were comfortably seated in an armchair with their head fixed in a custom plastic foam headrest. TMS was delivered through a focal figure-of-eight-shaped magnetic coil (70 mm external loop diameter) connected to two Magstim 200 magnetic stimulators via a BiStim-module (all Magstim, Whitland, Dyfed, UK). The coil was placed flat on the head over the left motor cortex, approximately at an angle of 458 to the sagittal plane, inducing a current in the brain region roughly perpendicular to the central sulcus, flowing from posterior to anterior, as this has been reported to be the most effective way to activate the corticospinal system transsynaptically (35) . Motor-evoked potentials (MEP) were recorded using surface EMG Ag/AgCl electrodes placed over the right abductor digiti minimi muscle using a belly-tendon montage. The raw signal was amplified, filtered (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , and recorded with a PC using a commercially available data-collection and averaging program (Magnetix, Centre of Sensorimotor Research, Munich, Germany) for offline analysis. The optimal coil placement was determined by recording MEP while varying the coil position. The coil position leading to the highest peak-to-peak amplitude of the MEP ('hot spot') was marked with a semi-permanent pen directly on the scalp to ensure accurate coil positioning during testing.
All sessions followed a fixed sequence of TMS measurements: first, the test stimulus (TS) and resting motor threshold (RMT), and then the paired-pulse parameters, short intracortical inhibition (SICI) and intracortical facilitation (ICF), were obtained in a random order. In all paired-pulse TMS procedures, the interval between trials was randomly changed between 4 and 6 s; in single-pulse procedures the inter-trial interval was 5 s. The protocol was concluded with determination of the cortical silent period (CSP).
While RMT and ICF are excitatory parameters, SICI and CSP determine the inhibitory phenomena. All of those show changes at different neurotransmitter systems (36) . Voltage-gated sodium channel mechanisms influence the RMT. SICI and ICF are influenced by glutamatergic and the GABA A systems in the cortex. The CSP shows inhibitory GABA B -mediated long-term mechanisms, and these are probably also responsible for late intracortical inhibition (LICI).
TMS parameters
TMS parameters were specified as follows:
i) The RMT was defined as the lowest stimulator output intensity required to induce MEP peak-to-peak amplitude O50 mV in at least five of ten consecutive trials.
Complete muscle relaxation was monitored via audiovisual feedback. A step-by-step intensity resolution of the maximal stimulator output was used for the determination of the individual RMT using the maximum likelihood threshold hunting (MLTH) procedure for TMS (Ñ Dr Friedemann Awiszus, Magdeburg (37)). One value per person and session was calculated by averaging separately for RMT, SICI, ICF, LICI, and CSP.
Emotional well-being, quality of life
Questionnaires on subjective health and mood status were filled in by the patients on the day before operation, 1 day after operation and half a year after operation. The Beck Depression Inventory (BDI-II) (42) measures levels of depression on a four-point Likert scale for 21 statements. The patient is asked to mark the statement that best fits his mood for the past 2 weeks (0-3 points). The sum of scores determines the degree of depression, with a score equal to or above 14 being clinically relevant (maximum 63 points). The Short Form 36 Health Survey (SF-36 (43, 44) ) is an instrument used to determine individual nondiseasespecific health in patients. At the level of raw scores, higher scores indicate more impairment except for selfreported health transition, whereas higher values indicate negative health development in the last year. Several subscores and two components, mental (mental component score (MCS)) and physical health (physical component score (PCS)) (45), can be measured.
Pasieka's PAS score (46) was applied to detect specific symptoms in the pHPT patient group. The PAS measures 13 aspects of parathyroidism that are disease-specific (e.g. bone pain, mood alteration, degree of weakness, and being forgetful) on a visual analog scale (47) with a maximum score of 1300. Lower scores refer to less disturbing symptoms. Additionally, two scores on quality of life and well-being can be scored separately (maximum each ten points). As no German version of the PAS was readily available, items were translated by a native English speaker.
Clinical parameters
The serum calcium and PTH levels, as well as clinical data including medication and symptoms of hyper-and hypocalcemia, were determined on the day of admission to the ward and following PTx. Grip force was measured after each TMS session. Each patient squeezed a hydraulic hand dynamometer (Saehan Corp., Masan, Korea) at maximum power with their dominant hand.
The F-waves (nZ5) and nerve conduction velocity (nZ7) were measured to discover possible peripheral nerve lesions or polyneuropathy and reduce confounding with the results of TMS measurements. parameters and Ca 2C and PTH, Spearman's correlation coefficient (r) was used. Multivariate ANOVA (MANOVA) was applied with the three-staged within-subject factor time (pre, post, and 6-months' follow-up) and questionnaire-specific dependent variables. If group variances were nonhomogenous (according to Mauchly's test of sphericity), degrees of freedom were adjusted (Greenhouse-Geisser). When appropriate, either univariate ANOVA or post-hoc tests (Bonferroni's adjusted) are reported.
Not all participants returned all questionnaires. This resulted in reduced data (BDI, nZ12 and SF-36, nZ13). For determination of PAS changes, we left out one patient due to outlier responses (nZ12). 
Results
Hormone levels and clinical variables
Cortical excitability
We found significant correlations between the two measurements for the following TMS parameters: TS (rZ0.810, P!0.001), RMT (rZ0.649, PZ0.009), SICI (rZ0.607, PZ0.016), and ICF (rZ0.504, PZ056). Ca 2C and PTH, however, showed no consistent correlations with any TMS parameters, either pre-or post-PTx. There were no significant alterations in the TMS parameters of the entire group when comparing pre-and post-PTx (see Table 2 ).
Emotion and well-being
Multivariate repeated measure analysis (RM-MANOVA) with the BDI score as the dependent variable and time as the within-subject-factor indicated an overall decline in depressive symptoms over time (PZ0.05, see Table 3 ). Univariate analysis revealed that these symptoms remained stable from pre-to immediately post-PTx (PZ0.192) but that patients were significantly less depressed at 6-months' follow-up compared with pre-and post-measurements (PZ0.018 and PZ0.039 respectively).
The analysis of the overall effects of all subscales in the SF-36 revealed a multivariate effect for 'time' (F(18,28)Z 3.65, h 2 Z0.701, PZ0.001). We subsequently determined the significantly altered subscores in univariate analysis. These showed significant improvements in vitality, social functioning, mental health, and subjective health transition (P!0.001, PZ0.016, PZ0.042, and PZ0.001 respectively, see Fig. 1 ). Post-hoc analysis clarified that with the exception of mental health, which only changed from post-PTx to 6-months' follow-up, all the other scores improved significantly from pre-to post-PTx and from pre-PTx to 6-months' follow-up, while no significant immediate-pre-post changes were found (see Fig. 1 ). When separately analyzing the subscales of the PCS and MCS, we found no significant changes across measurements.
Disease-specific PAS score
Analysis revealed a decline in PAS symptoms over time (nZ12, P!0.001). However, univariate analysis showed a decline only from pre-to immediately post-PTx (pre-PTx, The PAS furthermore showed strong overall correlations between the immediate post-measurement and the 6-months' follow-up (rZ0.983, P!0.001), indicating that long-term postoperative improvement can be predicted by the early postoperative PAS score. The two PAS subscores for quality of life and well-being were also highly correlated with both measurements after the operation (rZ0.849, PZ016 and rZ0.934, PZ0.002 respectively). All questionnaires correlated well in the vast majority of domains at the three times of measurement. This included amongst others very good correlations of the BDI and PAS on all inquiries (pre rZ0.778, PZ0.002; post rZ0.920, PZ0.000; and 6 months rZ0.862, PZ0.000).
Our patient group displayed good to strong correlations between PAS and SF-36 for the following subscales: general health, vitality, social functioning, role emotional, and mental health (see Table 4 ) but none with all eight subscales and the overall change in health.
We found that calcium correlated after the operation with a decrease in depressive symptoms on BDI (rZK0.633, PZ0.027) and an improvement in PAS wellbeing (rZ0.809, PZ0.005). Several SF-36 scales (role physical, overall health, vitality, emotional well-being) correlated with postoperative calcium (rZ0.670, PZ0.009; rZ0.619, PZ0.024; rZ0.712, PZ0.004; and rZ0.731, PZ0.003 respectively). There were no correlations of calcium and any BDI or PAS-score before the operation. For SF-36, we found preoperative correlations with calcium on the subscale physical functioning.
Discussion
This study collected data on perioperative changes in cortical excitability measured by TMS and changes in mood and quality of life following successful PTx and consecutive normalization of serum calcium levels from patients with pHPT. We aimed to understand calciumdependent alterations by using pHPT as a model for rapid calcium changes in humans. Therefore, cortical excitability was measured pre-and postoperatively in each patient. Changes in mood and quality of life following PTx up to 6-months' follow-up were investigated. This is, to our knowledge, the first study to use a German version of the disease-specific Pasieka's PAS score. TMS measurement was performed in all patients before PTx to obtain data during a hypercalcemic state and after PTx to collect data on cortical excitability during normocalcemia. Using this within-subject design restricted confounding interindividual factors that arise when comparing different patients. Surgery was successful and all 15 patients who completed the study showed a significant reduction in both Ca 2C and PTH levels into normal range postoperatively. Cortical excitability showed strong correlations among TMS parameters for both sessions, affirming the relatively stable intra-individual cortical excitability. Considering the whole group of patients, we did not find significant alterations in cortical excitability as measured by TMS. At least for hypercalcemia, it has been reported that EEG patterns normalize gradually after treatment with hypocalcemic agents (4). Lacovelli et al. (19) in their rTMS study reported only two pHPT patients undergoing PTx that showed unchanged RMT, CSP, and MEP amplitude but improved MEP facilitation after PTx. We could not replicate this finding in a larger cohort.
Changes in patients' overall health as well as mental health were positive after PTx. Promisingly, the PAS, designed as a disease-specific tool, showed a decline from pre-to immediately post-PTx and strong correlations between immediate post-operative measurement and a longer 6-months' follow-up. This therefore underlines the rapid positive impact of the surgical intervention (28) even though, due to our study design, we can't compare with a surgical control-group. The PAS therefore seems an excellent tool during the hospital phase for early prediction of changes in specific symptoms. Ongoing postsurgical recovery or experience of surgery on the first postoperative day might have influenced the unchanged depression scores between pre-and immediately postoperation. When, in a different study, first measurement was held at two weeks, postoperatively depressive symptoms had declined (48) . Similarly, our longer follow-up showed a decline from both earlier measurements to 6-months' follow-up and therefore we conclude that depressive symptoms normalize over time. Depressed mood is one of the clinically relevant neuropsychiatric symptoms in pHPT, while the influence of calcium on depressive symptoms remains unclear (29, 49 (27) , who showed a good correlation between the well-established SF-36 and the original English PAS, we were able to show a good correlation for both German versions. Our data emphasize that its administration before and immediately after PTx yields reliable insights into specific changes and that longterm follow-up might not be required as the data did not subsequently change. This should be confirmed by prospective trials with a larger number of patients. The disease-specific items and the faster administration time of the latter should promote the use of PAS in surgical settings for quick and objective assessment of perioperative changes in pHPT.
Limitations of our study are the lack of any control group to better distinguish the results as the effects of PTx, unspecific surgery, or disease relief effects. Furthermore, the number of enrolled patients is rather small, which led to slightly underpowered TMS measurements.
Further research should include a larger number of patients with pHPT. Additionally, cortical excitability associated with hypocalcemia should be measured as hypocalcemia, or a rapid change in calcium balance after prolonged hypercalcemia (50) in certain cases, may correlate with a decrease in seizure threshold and is consistent with studies on both rodent hippocampal slices (51) and human case reports (11, 51, 52) . This might influence the clinical treatment of an altered calcium balance. A control group should be included, preferably both a nonsurgical as well as surgical group, to differentiate the effects of disease cure, anesthesia, and surgery especially in the mood domain.
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